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2
American National Standards Institute (ANSI) as the stan
dard modulation technique for ADSL because it has greater
immunity to noise and can provide greater flexibility in data
rates than competitive modulation techniques, Such as
quadrature amplitude modulation (QAM) and carrierless
amplitude/phase modulation (CAP). Specifically, DMT uses
the frequency spectrum between 26 kHz and 1.1 MHz for
data transmission and the Spectrum below 4 KHZ for plain
old telephone service (POTS). The spectrum up to 1.1 MHz

SYSTEMAND METHOD FOR PROVIDING
NEAR OPTIMAL BIT LOADING IN A
DISCRETE MULTI-TONE MODULATION
SYSTEM
CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 60/067,472 entitled “METHOD FOR PRO
VIDING LOW COMPLEXITY AND NEAR OPTIMAL

is divided into 256 Subcarriers or Subchannels each with a 4

BIT LOADING ALGORITHM FOR DMT,” filed Dec. 5,

KHZ bandwidth that can be independently modulated from

1997, which is incorporated herein by reference.

Zero to a maximum of 15 bitS/Hz. A transmitter, Such as a

BACKGROUND OF THE INVENTION

The present invention relates generally to the field of

15

modulation techniques for digital subscriber loop (DSL)

(DMT) modulation.

first analyze the line conditions (e.g., signal to noise ratio)

DSL technology refers to a variety of technologies in
which highly Sophisticated modulation and crosstalk man
agement techniques are used to greatly expand the band
width potential over a single pair of copper wires. The
considered the original DSL application and provides data

25

rates of 192 kbps in a basic rate interface (BRI) configura
tion and 1.544 Mbps in a primary rate interface (PRI)

configuration. Since the introduction of ISDN in the early to
mid-980s, DSL technology has evolved to provide faster
data rates in various configurations. For example, high bit

rate digital subscriber line (HDSL) uses the same modula
tion technique as ISDN, but on a larger bandwidth thereby
allowing HDSL to provide full duplex T1 (1.544 Mbps) or
E1 (2.048 Mbps) service across existing twisted pair copper
lines without repeaters.
Other manifestations of DSL technology include the fol

35

lowing: symmetric digital subscriber line (SDSL), which
provides bi-directional communication at data rates ranging
from 160 kbps-2.084 Mbps; asymmetric digital subscriber

line (ADSL), which provides data rates between 32

40

kbps-8.192 Mbps downstream to the subscriber and 32
kbps-1.088 Mbps upstream to the network; and very high bit

rate digital subscriber line (VDSL), which provides higher
data rates the closer the Subscriber is to the central office
(CO). For example, 13 Mbps is possible within approxi
mately 5000 feet of the CO, 26 Mbps is possible within
approximately 3000 feet, and 51 Mbps is possible within
approximately 1000 feet.
ADSL technology has been particularly well received by
communication Service providers, Such as phone companies,
because it corresponds to the asymmetric nature of most
Subscribers data applications. For example, Such Services as
Video on demand, Internet access, home shopping, and
multimedia acceSS all generally require high data rates
downstream to the subscriber, but relatively low data rates
upstream to the network. Moreover, the growth of the
Internet in combination with the increased growth of tele
commuting have been driving forces in the widespread
deployment of ADSL. One particular embodiment of ADSL

for the subchannels during initialization. The number of bits
to be transmitted per channel are then mapped according to
the Signal to noise ratioS measured for the Subchannels.
Clearly, more bits will be allocated to those subchannels
exhibiting high noise imununity while few or perhaps no bits
will be allocated to very noisy channels. The modem will
continually monitor the Status of the individual Subchannels
throughout a communication Session and will adjust the bit
allocation per channel as necessary to maintain optimum
throughput.

Thus, to fully realize the benefits of (R)ADSL as provided
through DMT, bits must be allocated to the individual DMT
Subchannels in an efficient and optimal manner. That is, bits
must be allocated to the various channels with as fine a

granularity as possible to ensure that the maximum through
put capability of each Subchannel is fully utilized.
Accordingly, what is Sought is a System and/or method for
optimally allocating bits to the various Subchannels in a
DMT modulation system.
SUMMARY OF THE INVENTION

45

Certain advantages and novel features of the invention
will be set forth in the description that follows and will
become apparent to those skilled in the art upon examination
of the following or may be learned with the practice of the
invention.

50

55

To achieve the advantages and novel features, the present
invention is generally directed to a communication System in
which information is transmitted using DMT modulation.
The communication System includes first logic that is used
to measure the response of each of the DMT subchannels
and Second logic that is used to adapt an equalizer filter
associated with each of the DMT channels based on the

60

that has been instrumental in the busineSS Success of the

technology is rate adaptive digital subscriber line (RADSL).
RADSL allows the service provider to adjust the data rate of
the DSL communication link according to the need of the
application and to account for line length and quality.
The key to the rate adaptation capability of RADSL is the
DMT modulation technique. DMT has been selected by the

for the communication link (i.e., DSL link). AS the through
put of each individual Subchannel is optimized, the overall
throughput of the communication link is optimized.
To perform this throughput optimization, a modem will

technology, and, more particularly, to improving the perfor
mance of communication Systems using discrete multi-tone

Integrated Services Digital Network (ISDN) is generally

modem, can use these individual channels to dynamically
adapt to line conditions to attain the maximum throughput

response measurements. The System further includes third
logic that measures the noise variance for each of the DMT
Subchannels. Using the noise variance measurements, fourth
logic is used to assign the number of bits for transmission on
each DMT subchannel such that total transmit power is
minimized for a fixed data rate.

65

In accordance with one aspect of the invention, the fourth
logic uses the following equation for calculating the number
of bits, b, to be allocated on the ith DMT subchannel:

US 6,459,678 B1
4
FIG. 1 illustrates the components involved in implementing
a DMT modulation scheme in a DMT transmitting modem
22. Source data to be transmitted are first encoded using a
Suitable coding Scheme. To allow errors to be detected and
corrected at the receiver, the Source bits are encoded through

3
by

1

2

b; = N -- i), or -logo,

the use of a forward error correcting (FEC) encoder 24 and

where N is the total number of DMT subchannels, b is the
total number of bits to be transmitted, and 94 is the noise

optionally through the use of a trellis encoder 26. As a result
of the coding process, additional bits will be added to the
Source bit stream that are used by the receiving modem to

variance for said ith DMT Subchannel.

The invention can also be viewed as providing a method
for allocating bits to individual subchannels in a DMT
modulation System. Broadly Stated, the method can be

detect errors in the Source data.

The encoded bit stream is then received by complex DMT
encoder 28. DMT encoder 28 parses the incoming bit stream
into groups of bits b, where0s is 255. That is, a specific

Summarized by the following steps: (i) measure the channel
response for each of the DMT subchannels; (ii) adapt an
equalizer filter associated with each of the DMT subchan

nels based on the measurements obtained in Step (i); (iii)

15

Thus, the domain for the symbols to be transmitted on each
of the DMT subchannels can be represented as a two
dimensional constellation of complex valueS X, where the
number of complex values n for the ith DMT subchannel is
given by EQ. 1:

measure the noise variance for each of the DMT Subchan

nels; and (iv) using the noise variance measurements
obtained in (iii), allocate the number of bits to be transmitted

on each of the DMT Subchannels such that total transmit

power is minimized for a fixed data rate.
The DMT based communication system according to the
present invention is advantageous in that bits are allocated to
the individual DMT subchannels in a near optimal fashion
based on noise measurements that can be obtained during an
initialization or training interval. Thus, the invention can be
readily incorporated into communication devices, Such as
modems, without requiring Significant architectural or
operational changes to the devices.

2sns2.if b, 21
25

tion;

35
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50

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIENT

55

While the invention is susceptible to various modifica
tions and alternative forms, a Specific embodiment thereof is
shown by way of example in the drawings and will herein be
60

there is no intent to limit the invention to the particular form
disclosed, but on the contrary, the invention is to cover all
modifications, equivalents, and alternatives falling within
the Spirit and Scope of the invention as defined by the claims.
With reference to FIGS. 1, 2 and 3, the basic architecture

and operation of a transmitting modem and receiving
modem using DMT modulation will be described hereafter.

n=0if b =0
FIG. 2 illustrates an example constellation of values X for

a DMT subchannel i onto which four bits (i.e., b=4) have
2 corresponds to the real part of X, while the vertical axis

FIG. 5 is a flow chart depicting the steps involved in
optimally allocating bits to DMT subchannels according to
the present invention; and
FIG. 6 is a flow chart depicting the steps involved in
calculating the total number of bits to be allocated to the
DMT subchannels in a single encoding interval when total
transmission power is restricted.

described in detail. It should be understood, however, that

EO. 1

been allocated for transmission. The horizontal axis of FIG.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Other features of the present invention will be more
readily understood from the following detailed description
of Specific embodiments thereof when read in conjunction
with the accompanying drawings, in which:
FIG. 1 is a block diagram of a prior art transmitting
modem using DMT modulation;
FIG. 2 is an exemplary constellation diagram of Signal
points that are transmitted on a DMT subchannel;
FIG. 3 is a block diagram of a prior art receiving modem
using DMT demodulation,
FIG. 4 is a high-level block diagram of a receiving
modem in accordance with principles of the present inven

number of bits will be allocated for transmission on each of
the 256 Subchannels used in the DMT modulation Scheme.

65

corresponds to the imaginary part of X. The output of DMT
encoder 28 is therefore a collection of complex values X,
corresponding to the DMT subchannels with each variable
identifying a particular constellation point that represents the
data symbol to be transmitted.
The complex variables X generated by DMT encoder 28
are then received by inverse fast Fourier transform (IFFT)
module 32 that converts the complex values X, in the
frequency domain to real values X, in the time domain.
Parallel-to-serial (P/S) converter 34 produces a serial
Sequence of real values X, which are then converted into a
time variant, analog signal by digital-to-analog (D/A) con
verter 36. This analog data signal is then filtered by transmit
filter 38 and used to modulate a carrier signal by modulator
42. Finally, modulator 42 generates a line Signal that is
transmitted onto the communication medium (e.g., twisted
pair).
FIG. 3 is a high level block diagram of a DMT receiving
modem 44. Receiving modem 44 essentially reverses the
processing performed by transmitting modem 22. The
incoming line signal is first filtered by receive filter 46 and
then converted back into a sequence of digital Samples by
analog-to-digital (A/D) converter 48. A time domain equal
izer 51 compensates for the effects of inter-symbol interfer
ence (ISI) due to delay caused by the communication
medium. Note that time domain equalizer 51 represents a
plurality of equalizer filters corresponding to the DMT
subchannels. Serial-to-parallel (S/P) converter 52 converts
this sequence of digital values into a parallel collection of
values y corresponding to the DMT subchannels. Real
valuesy, in the time domain are then converted into complex
values Y, in the frequency domain by FFT module 54. In
theory, complex values Y should correspond to the complex
values X, determined by DMT encoder 28 in transmitting
modem 22. Unfortunately, values Y are shifted away from
the ideal values defined in the constellation for that DMT
Subchannel because of the effects of noise and attenuation

due to distortion caused by the communication medium.
Thus, equalizer 56, which generally represents a plurality of

US 6,459,678 B1
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S
equalizer filters for the DMT subchannels, is used to com
pensate for the transfer function of the communication
medium to map complex values Y into filtered values Z, that
fall into the Same decision boundaries used to distinguish
between complex values X for the same DMT subchannel.
Referring now to both FIG. 2 and FIG. 3, Complex DMT
decoder 58 compares the complex value Z, received for each

hence, the equalizers 56 are compensating for the response
of each DMTSubchannel both in the time domain and in the

frequency domain.
The symbol error rate of the ith DMT subchannel can be
written as follows:

r(ei) d

d .
Pr(ei) = K, Q --

DMT subchannel with the decision regions 62 (see FIG. 2)

EQ. 2

defined in the constellation used for that Subchannel to

decode the symbol. After the symbols for the DMT Sub
channels have been decoded, they are then re-Sequenced to
match the ordering of the data Stream at the transmitter prior
to the allocation of bits into separate DMT subchannels.
Finally, the resultant bit stream from the complex DMT
decoder is processed by FEC decoder 64 to account for any
transmission errors that may still remain. The destination bit
stream that is output from FEC decoder 64 should ultimately
match the Source bits provided to the transmitting modem

where

15

(i.e., the Gaussian distribution) and d is the minimum

Euclidean distance among the received constellation of
Signal points or Symbols, and the coefficient K is approxi
mately equal to 4 for the constellation. Now, letting

22.

It is generally understood in the art that the various
components of DMT transmitting modem 22 and DMT
receiving modem 44 can be implemented through hardware,
through program code executed by a processor, or a com
bination thereof

AS discussed hereinbefore, maximum throughput in a
DMT communication System is dependent upon an optimal

25

it can be deduced that each DMT Subchannel should have

the same value of Y achieve identical error rates. ASSuming

allocation of Source data bits to the individual DMT Sub

a desired probability of error of 107, Y is determined as

channels. The present invention addresses this need by
providing a System and a method for optimizing DMT

follows from E.O. 2:

Subchannel bit allocation. With reference to FIG. 4, a

receiving modem 70 embodying the principles of the present
invention is shown to comprise, in addition to the general
DMT receiving modem components shown in FIG. 3, a
processor 72 in communication with a storage medium 74
over a communication bus 75. Processor 72 can be any
commercially available or custom microprocessor Suitable
for an embedded application. Storage medium 74 is repre
Sentative of the Overall hierarchy of memory devices con
taining the program code and data used to implement the
functionality of receiving modem 70. Storage medium 74
can include, but is not limited to, the following types of

where Q(x) is the inverse of the Q function.

The following Steps used in determining an allocation of
bits for the individual DMTSubchannels assume a fixed data
35

allocate bits to the individual DMT Subchannels for trans

mission while minimizing power consumption.
40

nel using quadrature amplitude modulation (QAM). ASSum

receiving modem 70 to use multiple processors, Such as

45

modem functionality. Storage medium 74 is shown to con
tain four main program code modules for optimizing DMT

Subchannel bit allocation: 1) a bit loading calculation pro
gram 76; 2) a line noise variance measurement program 78;
3) a training program 82, and 4) an equalizer adaptation

ing each DMTSubchannel is using a QAM constellation, the
transmit power S of each Subchannel can be approximated
by EQ. 4 below:
S-d/62i,

EO. 4

where b is the number of bits allocated to the ith subchannel.
Substituting the definition of Y into EQ. 4 yields EQ. 5:
50

S=y%o,22°i

program 84. The functionality of these four modules will be
described hereafter with reference to the flow chart of FIG.
5.

As set forth in FIG. 5, training program 82 measures the
response of the communication medium for each of the
DMTSubchannels and cooperates with equalizer adaptation

Typically, the constellation of symbols (see FIG. 2) for
each DMTSubchannel will be modulated onto the Subchan

devices: cache, ROM, PROM, EPROM, EEPROM, flash,
SRAM, and DRAM. Note that it is not uncommon for

digital signal processors (DSPs), in implementing the

rate in which b is the total number of bits in a block of data
to be allocated to the DMT subchannels in a single DMT
encoding interval. Thus, the proceSS is designed to optimally

EO. 5

The total transmit power is therefore given by EQ. 6:
55

W

EQ. 6

program 84 to adapt the equalizers 56 (see FIG.3) in step 92.
The DMT subchannel response can be measured by a
training Sequence. The equalizers should be adjusted
accordingly, that is, each DMTSubchannel can be treated as

60

an additive white Gaussian noise (AWGN) channel.

Next, the variance of the noise for each DMTSubchannel,

denoted by O., i=1, 2, ... N, where N is the number of

Subchannels, is measured under the control of line noise

variance measurement program 78 as indicated by step 94.
This measurement will be performed under the assumption
that a perfect channel probing has been done in Step 92,

65

which means, in other words, that the size of the block of

data to be allocated in a Single encoding interval is equal to

the Sum of the number of bits to be allocated to each of the

US 6,459,678 B1
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DMT subchannels. It can be shown that transmission power

calculation program 76 decrements bo by one bit for the
b-b, Subchannels with the largest quantization error, Ab.
If bor-br, the total number of quantized bits allocated to the
DMTSubchannels is increased by b-bor. AS indicated in
step 112, bit loading calculation program 76 increments bo
by one bit for b-bor Subchannels with the Smallest quan
tization error, Ab, The final values calculated for b are

is minimized when O2 is a constant, which is denoted by
C. Therefore, EQ. 7 can be derived from EQ. 6 as follows:

ultimately communicated to the transmitting modem, which
will use the values in implementing the DMT modulation

Taking the logarithm of EQ. 7 yields the optimal bit allo

Scheme.

cation shown below as EQ. 8:

b = 2 ly

2-logo
-: i) gri-logii,

EQ. 8
15

where log(x) stands for the logarithm base two.

Returning to the flow chart of FIG. 5, in step 9.6 bit
loading calculation program 76 uses noise variance mea

AS Stated hereinbefore, the foregoing bit allocation pro
ceSS is designed to optimally allocate bits to the individual
DMTSubchannels for transmission while minimizing power
consumption. Nevertheless, the process can be modified for
application in those circumstances where the total power, Sr.,
is limited. In that case, the bit allocation proceSS is designed
to maximize the Overall data rate for a given power level.
Based on EQ.5 and the optimization rule that transmission

Surements received from line noise variance measurement

power is minimized when O,2' is a constant, C, it can be

program 78 to calculate the optimal bit allocation for each
DMT subchannel according to the formula set forth in EQ.

shown that if bits are allocated to the DMT Subchannels

according to EQ. 8, then the same power should be used for
each Subchannel. That is, the transmission power level, S,
for a DMT subchannel is given by EQ. 10 set forth below:

8. Once the initial bit allocations are made for each DMT

Subchannel, bit loading calculation program 76 will deter
mine at decision diamond 98 whether b, is less than Zero for
any Subchannel. Any Subchannel in which b is less than Zero
is excluded in step 102. Bit loading calculation program 76
will then calculate new values for busing EQ. 8 in which

25

S=S/N'

EO. 10

E.O. 11 follows from EQ. 5, EO. 7, and EQ. 10.

the number of channels, N, is reduced to N' as a result of

excluding Subchannels with a calculated b, that is less than
Zero. Steps 96 and 102 repeat in an iterative fashion until all
remaining Subchannels have positive values for b.
Because the values calculated for b, will not necessarily
be integers, a quantization is performed on any non-integer
bit allocations in step 104 using EQ. 9 set forth below.

2%,

b; 2 bimax - 0.5

yN i=1
II of

EQ. 9

bo = { INT(b; +0.5), binin -0.5 s b; < bina - 0.5
O,

minimum number of bits per symbol.
The quantization performed in step 104 may result in
quantized DMT subchannel bit allocations that, when

individual DMT channels.
40

w

45

Summed, exceed the total size of the data block to be

encoded, b. At decision diamond 106, bit loading calcula
tion program compares the Summed total of the quantized bit
allocations with the total number of bits, b, in the data block
to be encoded. Letting

Accordingly, EQ. 11 can be rewritten as EQ. 12, which
provides an expression for calculating the total data block
size, b, to be to be allocated in a Single encoding interval
as a function of the total power S, the number of DMT
channels to be loaded N', and the noise variance on the

b; 3 bmin - 0.5

where INT(x) is the integer value of X, b, is the maximum
number bits permitted per Subchannel, and b, is the

EQ. 11

w

35

bmax,

3ST IN

50

EQ. 12

Referring now to FIG. 6, the DMT bit allocation process
according to the present invention will be described here
after with the limitation that total transmission power S is
limited. The process begins with steps 114 and 116, which
are the same as steps 92 and 94 from FIG. 5. In step 114,
training program 82 measures the response of the commu
nication medium for each of the DMT Subchannels and

cooperates with equalizer adaptation program 84 to adapt

w

bor =Xbo,

the equalizers 56 (see FIG.3). Next, the variance of the noise

i=1

for each DMT Subchannel is measured under the control of
55

line noise variance measurement program 78 in Step 116.

If the Sum of the quantized bit allocations equals the total

Once the noise variance measurements have been

number of bits in the data block to be encoded (i.e., bor=b,),

collected, bit loading calculation program 76 calculates the
total data block size, b, to be encoded in Step 118 using the
expression Set forth in EQ. 12. After calculating b, bit
loading calculation program determines the optimal bit
allocation for each DMT subchannel in step 122 according
to the formula set forth in EQ. 8. Next, bit loading calcu
lation program 76 will determine at decision diamond 98
whether b, is less than Zero for any Subchannel. Any Sub
channel in which b is less than Zero is excluded in Step 126.
Bit loading calculation program 76 will then calculate new
values for band busing EQ. 12 and EQ. 8 respectively in

the process completes and the DMT subchannels are
assigned the quantized bit allocations from EQ. 9.
Otherwise, the quantized bit allocations must be modified so
that their sum equals the total number of bits to be encoded,
br.
In modifying the quantized bit allocations, it is helpful to
first denote the quantization error for a particular DMT

Subchannel bit allocation by Ab-b-b. If br>b, the total
number of quantized bits allocated to the DMT subchannels
is reduced by bor-br. AS indicated in step 108, bit loading

60

65
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levels for each of the individual DMT Subchannels are set

program is printed, as the program can be electronically
captured, via for instance optical Scanning of the paper or
other medium, then compiled, interpreted or otherwise pro
cessed in a Suitable manner if necessary, and then Stored in
a computer memory.
In concluding the detailed description, it should be noted
that it will be obvious to those skilled in the art that many
variations and modifications can be made to the preferred
embodiment without Substantially departing from the prin
ciples of the present invention. All Such variations and

using EQ. 10 by dividing the total power, S, by the number

Scope of the present invention, as Set forth in the following

which the number of channels, N, is reduced to N' as a result

of excluding Subchannels with a calculated b, that is less
than Zero. Steps 118, 122, and 124 repeat in an iterative
fashion until all remaining Subchannels have positive values
for b. Note that in the first iteration, N=N' for purposes of
calculating busing EQ. 12.
Because the values calculated for b, will not necessarily
be integers, a quantization is performed on any non-integer
bit allocations in step 126 using EQ. 9. Finally, the power

modifications are intended to be included herein within the

of non-excluded, DMT Subchannels, N'. The final values

claims.
I claim:

calculated for S, and b are ultimately communicated to the

transmitting modem, which will use the values in imple
menting the DMT modulation scheme.
The present invention has been described as embodied in
a receiving modem. The teachings disclosed herein,
however, can be applied to alternative embodiments without
departing from the principles of the present invention. For
example, in one alternative embodiment, only the line
probing, equalizer adaptation, and noise variance measure
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a proceSSOr,

a storage medium in communication with Said processor;
Said Storage medium having program code for allocating
bits to be transmitted on a plurality of DMT
Subchannels, Said program code comprising:
first logic configured to measure a response for each

ment steps (i.e., steps 92 and 94 in FIG. 5 and steps 114 and
116 in FIG. 6) are performed at the receiving modem. The

said DMT Subchannel;

noise variance measurements are then communicated to the

transmitting modem where the bit loading calculation pro
gram resides for calculating the bit allocation for the DMT
Subchannels as described in the foregoing.
It will be appreciated by those skilled in the art that the
functionality provided through bit loading calculation pro
gram 76, line noise variance measurement program 78,
training program 82, and equalizer adaptation program 84
can also be implemented through hardware. Each imple
mentation has its advantages. For example, hardware enjoys
a speed and, arguably, a reliability advantage over Software
because hardware testing and Verification methods are cur
rently more advanced than Software verification methods.
On the other hand, Software can be leSS expensive than
customized hardware and offers greater flexibility in adding
or modifying product features.
The bit loading calculation program 76, line noise vari
ance measurement program 78, training program 82, and
equalizer adaptation program 84, which comprise an ordered
listing of executable instructions for implementing logical
functions, can be embodied in any computer-readable
medium for use by or in connection with an instruction
execution System, apparatus, or device, Such as a computer
based System, processor-containing System, or other System

25

each said DMT Subchannel; and
on each said DMT Subchannel based on the noise
variance measured for each Said Subchannel Such

that total transmit power is minimized for a fixed
data rate.
35

2. The System of claim 1, wherein Said fourth logic uses
an expression
by 1

b; = N -- i), losi -logof,
40

in calculating the number of bits, b, to be allocated on an ith
DMT Subchannel, wherein N is a total number of DMT
45
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Subchannels, b is a total number of bits to be allocated, and
O, is said noise variance for said ith DMT subchannel.
3. The System of claim 2, wherein Said program code
further comprises:
fifth logic configured to exclude from Said total number of
DMTSubchannels each said DMT subchannel having a
calculated b, that is negative.
4. The System of claim 1, wherein Said program code
further comprises:
fifth logic configured to quantize a number of bits, b, to
be allocated on the ith DMT Subchannel.

55

5. The system of claim 4, wherein said fifth logic uses an
expression
bmax,

b; 2 bna - 0.5

bo = { INT(b; +0.5), binin -0.5 s b; < bina - 0.5

medium would include the following: an electrical connec

even be paper or another Suitable medium upon which the

Subchannel;

fourth logic configured to allocate bits for transmission

examples (a nonexhaustive list) of the computer-readable
tion (electronic) having one or more wires, a portable
computer diskette (magnetic), a random access memory
(RAM) (magnetic), a read-only memory (ROM) (magnetic),
an erasable programmable read-only memory (EPROM or
Flash memory) (magnetic), an optical fiber (optical), and a
portable compact disc read-only memory (CDROM)
(optical). Note that the computer-readable medium could

Second logic configured to adapt an equalizer filter
based on said response measured for each said DMT
third logic configured to measure a noise variance for

that can fetch the instructions from the instruction execution

System, apparatus, or device and execute the instructions. In
the context of this document, a “computer-readable
medium' can be any means that can contain, Store,
communicate, propagate, or transport the program for use by
or in connection with the instruction execution System,
apparatus, or device. The computer readable medium can be,
for example but not limited to, an electronic, magnetic,
optical, electromagnetic, infrared, or Semiconductor System,
apparatus, device, or propagation medium. More specific

1. A communication System using discrete multi-tone

(DMT) modulation, comprising:

60

O,

b; < bin - 0.5

in quantizing b, wherein be is a quantized value for b,
65

INT(x) is an integer value of X, b, is a maximum number
of bits permitted per Subchannel, and b, is a minimum
number of bits per symbol.
6. A communication System using discrete multi-tone
(DMT) modulation, comprising:

US 6,459,678 B1
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a proceSSOr,

by 1

a storage medium in communication with Said processor
Said Storage medium having program code for allocating
bits to be transmitted on a plurality of DMT
Subchannels, Said program code comprising:
first logic configured to measure a response for each

b; = N -- i), or -logo,
wherein N is a total number of DMT subchannels and O, is
said noise variance for said ith DMT Subchannel.

said DMT Subchannel;

11. The method of claim 10, further comprising the steps

Second logic configured to adapt an equalizer filter
based on said response measured for each said DMT

of:

(e) excluding the DMT subchannels having a calculated b,

Subchannel;

that is negative from the total number of DMT

third logic configured to measure a noise variance for

Subchannels, N, to determine a new total number of
DMT Subchannels, N'; and

each said DMT Subchannel;

fourth logic configured to determine a total number of
bits to be allocated, b, on said DMT subchannels
based on a desired probability of error for each said

15

Subchannel Such that a data rate is maximized for a

(f) repeating step (d) wherein N' is substituted for N.

12. The method of claim 9, further comprising the step of:

(e) quantizing a number of bits, b, to be allocated on the

fixed transmit power level; and
fifth logic configured to allocate bits for transmission

ith DMT Subchannel.

13. The method of claim 12, wherein step (e) comprises

on each said DMT Subchannel based on the noise
variance measured for each said Subchannel.

the step of:

calculating a quantized value bo, for b, said value bo

7. The system of claim 6, wherein said fourth logic uses
an expression

being calculated using an expression
bmax,

25

O,

in calculating b, wherein

b; 2 bna - 0.5

bo = { INT(b; +0.5), binin -0.5 s b; < bina - 0.5
b; < bin - 0.5

wherein INT(x) is an integer value of X, b, is a maximum

number bits permitted per Subchannel, and b, is a mini
mum number of bits per symbol.
14. A method for allocating bits to individual subchannels

12

* = 37

in a discrete multi-tone (DMT) modulation system, said
method comprising the Steps of

d is a minimum Euclidean distance among a constellation of
symbols transmitted on the ith DMTSubchannel, N is a total
number of DMT subchannels, and O, is said noise variance

35

(a) measuring a response for each of the DMT Subchan
nels,

for said ith DMT Subchannel.

(b) adapting an equalizer filter based on said response

8. The system of claim 7, wherein said fifth logic uses an
expression

(c) measuring a noise variance for each of the DMT

by

measured for each said DMT Subchannel;
40

1

b; = N -- i) lost; -logo,
45

Subchannel based on the noise variance measured for
each Said Subchannel.

DMT Subchannel.

9. A method for allocating bits to individual subchannels
method comprising the Steps of

on said DMT subchannels based on a desired probabil
ity of error for each said Subchannel Such that a data
rate is maximized for a fixed transmit power level; and

(e) allocating bits for transmission on each said DMT

in calculating the number of bits, b, to be allocated on an ith

in a discrete multi-tone (DMT) modulation system, said

Subchannels,

(d) determining a total number of bits to be allocated, b,

15. The method of claim 14, wherein step (d) comprises

50

(a) measuring a response for each of the DMT Subchan

the step of:
calculating the total number of bits to be allocated, b,
using an expression

nels,

(b) adapting an equalizer filter based on Said response
measured for each said DMT Subchannel;

55

3ST X log, O,
brT = N log,
Og yN - 2.
Og O

(c) measuring a noise variance for each of the DMT
Subchannels, and

wherein

(d) allocating bits to be transmitted on each of the DMT
Subchannels based on the noise variance measured for

60

each said Subchannel Such that total transmit power is
minimized for a fixed data rate.

10. The method of claim 9, wherein step (d) comprises the

Step of
calculating a number of bits, b, to be allocated on the ith
DMT Subchannel from a total number of bits to be

allocated, b, using an expression

65

and d is a minimum Euclidean distance among a constel
lation of symbols transmitted on the ith DMTSubchannel, N
is a total number of DMT subchannels, and O, is said noise

variance for said ith DMT Subchannel.

US 6,459,678 B1
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logic configured to measure a response for each of the
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16. The method of claim 15, wherein step (e) comprises

the step of:
calculating a number of bits, b, to be allocated on the ith
DMT Subchannel from a total number of bits to be
allocated, b, using an expression

DMT Subchannels;

logic configured to adapt an equalizer filter based on Said
response measured for each said DMT subchannel;
logic configured to measure a noise variance for each of
the DMT Subchannels,

b. - -1 logo -logof,
b; = N N4
1O

wherein N is a total number of DMT subchannels and O, is
said noise variance for said ith DMT Subchannel.
17. A computer readable medium having a program for
allocating bits among a plurality of Subchannels in a discrete
multi-tone (DMT) modulation System, said program com
prising:
logic configured to measure a response for each of the

logic configured to determine a total number of bits to be
allocated, b, on said DMT subchannels based on a
desired probability of error for each said subchannel
Such that a data rate is maximized for a fixed transmit

15

DMT Subchannels;

power level; and
logic configured to allocate bits for transmission on each
said DMT Subchannel based on the noise variance
measured for each Said Subchannel.

20. The medium of claim 19, wherein said logic config
ured to determine comprises:
logic configured to calculate the total number of bits to be
allocated, b, using an expression

logic configured to adapt an equalizer filter based on Said
response measured for each said DMT subchannel;
logic configured to measure a noise variance for each of
the DMT Subchannels; and

logic configured to allocate bits to be transmitted on each

of the DMT Subchannels based on the noise variance
measured for each Said Subchannel Such that total

transmit power is minimized for a fixed data rate.
18. The medium of claim 17, wherein said logic config
ured to allocate comprises:
logic configured to calculate a number of bits, b, to be

biT == IVNlos,
log St - y log or.
O,
2 yN i=l ;2
25

wherein

allocated on the ith DMT Subchannel from a total

number of bits to be allocated, b, using an expression
by

1

2

bi = N -- RX logo -logo,
i=1
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wherein N is a total number of DMT subchannels and O, is
said noise variance for said ith DMT Subchannel.
19. A computer readable medium having a program for
allocating bits among a plurality of Subchannels in a discrete
multi-tone (DMT) modulation System, said program com
prising:

and d is a minimum Euclidean distance among a constel
lation of symbols transmitted on the ith DMTSubchannel, N
is a total number of DMT subchannels, and O, is said noise
variance for said ith DMT Subchannel.

